Introduction
action potential [1, 2] . Voltage clamp studies in Purkinje 2 fibers have indicated the dynamic nature of Cl currents While the majority of ionic currents in the heart are [3, 4] , however, other studies have not supported these carried by univalent and divalent cations, activation of findings [5] . The advent of the patch-clamp technique 2 2 chloride currents can cause important changes in action allowed specific Cl currents to be isolated. A Cl -specific potential characteristics. Previous studies have demonstracurrent, activated by catecholamines, has been described at ted that changes in extracellular chloride concentration the whole-cell [6] [7] [8] and single-channel level [9] . Molecu-2 caused little change in the resting membrane potential, but lar studies have provided a structural basis for this Cl 2 2 replacement of extracellular Cl with an impermeable current [10, 11] . Since then, a number of other Cl currents 2 anion produced a marked prolongation of the duration of have been described. Many of these Cl currents are activated by appropriate agonists [6] [7] [8] [9] [12] [13] [14] [15] heart is not uniform (see, [21] [22] [23] ). Therefore, activation [27] . Therefore, the cellular distribution of Cl currents 2 of these Cl currents may increase the dispersion of responsive to different stimuli appears to be species-and electrophysiological properties and provide the substrate region-dependent. for the occurrence of arrhythmias. 
Presence of different types of Cl currents in cardiac myocytes
Several studies have suggested that cardiac I Cl.PKA channels correspond to a protein related to the cystic 2 Intracellular Cl activity in cardiac cells is higher than fibrosis transmembrane conductance regulator (CFTR) that which would be expected from a passive distribution found in epithelial cells [22, 23] . Molecular studies have 2 2 of Cl [24, 25] . This observation suggests that Cl must be revealed that I channels are the cardiac expression of Cl.PKA 2 actively transported into cardiac cells and that the Cl an alternatively spliced form of CFTR, the CFTR cardiac equilibrium potential (E ) is more positive (usually be- [10, 11] . The distribution pattern of mRNA for CFTR , the heart, using patch-clamp techniques. The Cl currents electrical measurements described in the previous section identified thus far include the protein kinase A-activated [10, 11, 36, 43] : the mRNA was present in abundance in 2 Cl current (I ) [6] [7] [8] [9] 12, 27] , the stretch-or swellingguinea pig and rabbit ventricles. It was scarce in the atrium
activated Cl current (I ) [16] [17] [18] [19] [20] 27] , the Caof both species, and not present at all in dog heart. The
activated Cl current (I ) [13, [28] [29] [30] , the Cl current mRNA of I was detected in human atrium and
Cl.Ca Cl.PKA activated by purinergic stimulation [15, 31] , the protein ventricle [44, 45] , while electrical measurements failed to 2 kinase C (PKC)-activated Cl current [14, 32, 33] and the record I currents [39, 40] . Discrepant results between Cl.PKA 2 2
background-type Cl current [34] . A Cl current is also the current measurements and detection of mRNA may be present in the sarcoplasmic reticulum (SR) membrane and explained by the following: (i) the presence of the channel this current is activated by protein kinase A (PKA)-depenin a very small percentage of cells, (ii) poor translation of dent phosphorylation [35] .
the message, (iii) rapid turnover of the channel protein or 2 These Cl currents are not uniformly distributed in all (iv) failure of protein-trafficking preventing the channel cardiac myocytes and their distribution varies among from reaching the cell membrane [39] . A recent study in different cell types, regions of the heart and different which both electrical and molecular methods were applied species. The most noteworthy example is seen in the to guinea pig hearts has demonstrated a similar distribution distribution of I and I . The presence of pattern of I and mRNA [36] , and a decreasing order Cl.PKA Cl.SWELL Cl.PKA I was first described in guinea pig ventricular of abundance from ventricular epicardium to ventricular Cl.PKA myocytes as an isoprenaline-and forskolin-activated curendocardium and atrium. 2 2 rent [12] , and this was later confirmed to be a Cl current Cl channels identified in other tissues comprise mem- [6] [7] [8] [9] 27, 36] . The current was also found in rabbit ventricubers of the ClC family of genes [46, 47] . Among them, the lar myocytes [37] . In both species, I was reported to ClC-2 gene has a unique feature since the expressed Cl.PKA be more abundant in epicardial than endocardial myocytes current in Xenopus oocytes is activated by voltage changes from the ventricle. It was considerably less abundant in and by external hypoosmosis [48, 49] . The mRNA of ClC-2 atrial than in ventricular myocytes, and was absent in was found in the atrium and ventricle of rabbit heart, and a sino-atrial (S-A) node cells [27, 36, 37] . I was not homologue of the ClC-2 gene has been cloned [50] . The
Cl.PKA found in canine or human atrial or ventricular myocytes current through rabbit ClC-2 channels expressed in [16, 17, [38] [39] [40] [41] .
Xenopus oocytes exhibited halide-anion permeability in the
Activation of I was observed in the atrial order of Cl .Br .I . The current was not activated by
Cl.SWELL myocytes of most of the species examined, including forskolin, but was activated by hypoosmotic solutions. It canine [16] , rabbit [18] , guinea pig [27] and human cells might play a role in cell-volume regulation of oocytes [51] . [39] [40] [41] . The current was also present in guinea pig
The characteristics of the expressed current, however, were [27, 42] , canine [17] of 140 mM. The channel density is low, but the channelance and permeability to I relative to Cl , I exhibits
Cl.PKA open probability is high once it is activated; the success a high permeability but markedly reduced conductance for 2 2 rate for recording single-channel activity is low, while the I compared to Cl [21] [22] [23] 27] . I is relatively
Cl.PKA channel gives rise to a large macroscopic current [9, 53] . insensitive to anion channel blockers such as stilbene I activated in the presence of catecholamines or disulfonates and tamoxifen [21, 23, 42, 54] , whereas CL.PKA b-adrenergic stimulation contributes to shortening of the I is sensitive to these compounds [18, 27] . I Cl.SWELL Cl.SWELL duration of action potential and to depolarization of the shows a time-dependent decrease (inactivation) during resting membrane potential, but the effects on the two depolarizing pulses at strongly positive voltages, when test parameters are not equally expressed because of outwardpulses are applied from a negative holding potential of lating the L-type Ca and delayed outward K currents myocytes [34, 66] . Single-channel studies have disclosed [56] [57] [58] . The current is also activated by histamine, that this current exhibits a larger single-channel conduct-2 through the intracellular cAMP-PKA pathway and the ance (60 pS under symmetrical Cl conditions) than that G-protein-coupling mechanism [59] [60] [61] . I is inof I [67] . I is activated by b-adrenoceptor prolong action potential duration in the appropriate setphosphorylation process for activation [17, 18] . However, tings, but their functional role is not known.
once I is activated by hypoosmotic solutions, it is stimulated by isoproterenol and forskolin [16, 39] and is present in S-A node cells [18] , it may serve as an important mediator of mechanotransduction, similar to its function in various other tissues. Mechanical stretching or during ischemia and reperfusion, activation of I is Cl.SWELL likely to occur. Therefore, the current can be expected to contribute to membrane potential changes under these within 10-20 ms upon depolarization and then declines in conditions (see below, the section on 'substrates for the following 100 ms at physiological temperatures. Histamine is present in all regions of the mammalian (phase 1) of the action potential. It also contributes to heart [86] and the released histamine may play a major shortening of the action potential and alterations of action role in the development of arrhythmias associated with potential duration after a resumption of rapid stimulation systemic allergic reactions [87] . Histamine was shown to following a long rest period or a slow heart rate [77, 78] .
induce oscillatory activity and abnormal impulse formation in Purkinje fibers [88] , and to activate I in ventricular 7.1. Automaticity negative to its reversal. The initial observation of the Cl current-induced membrane depolarization and abnormal In the heart, an increased heart rate is seen in response automatic activity in ventricular myocytes [12] may need to increased venous return, which might cause stretching to be interpreted cautiously, since the experiments were 2 of the atrial muscle and S-A node region. It was shown carried out with Cl concentrations at which the reversal that stretching of isolated cardiac pacemaker tissue caused potential was more positive than the physiological level.
2 acceleration of the spontaneous rhythm [82, 83] . In PurWhen external Cl concentrations were varied to shift the kinje fibers, papillary muscles and atrial trabecular prepareversal potential of I , the degrees of depolarization Cl.PKA rations, stretching was shown to induce membrane depoin resting potential upon activation of this current were low larization and synchronous pacemaker activity [84] . These at physiological levels of reversal potential and became membrane responses to mechanical stimuli may be mehigher with positive shifts in reversal potential by either Downloaded from diastolic depolarization and EAD developed frequently ing, implying that the changes in action potential were [38, 91] . Fig. 2 (Fig. 3) i Atrial stretching produced EAD and triggered arrhyth- [30] . This result suggests that I can contribute to the Cl.Ca mias [73] . No changes in action potential were observed at arrhythmogenic transient inward current (I ) observed in TI 21 a remote atrial site located away from the area of stretchCa -overloaded cardiac preparations [92] [93] [94] . I TI produces delayed afterdepolarizations (DADs) and induces inward I current induced by isoproterenol and high TI 21 triggered activity, which is assumed to be an important
[Ca ] at voltages negative to E , and the current is i C l mechanism for abnormal impulse formation. I is believed inhibited by 4-acetamido-49-isothiocyanostilbene-2,29-di-
to be carried by an electrogenic Na -Ca exchange sulfic acid (SITS) (Fig. 4) . Thus, I contributes to the Cl.Ca mechanism and by the current through a nonselective formation of arrhythmogenic I , but the extent of the TI cation channel [95] . Both have been demonstrated to carry contribution of I to I relative to two other factors,
membrane currents in cardiac cells [96] [97] [98] [99] . Between the namely the Na -Ca exchange mechanism and nonselec- 1 21 two, the Na -Ca exchange mechanism appears to be tive cation channel, remains to be evaluated. the major component of I in the presence of normal TI 1 extracellular Na concentrations. While earlier results in Purkinje fibers intoxicated with cardiotonic steroids dem-7.4. Reentry onstrated a clear reversal potential near 0 mV [95] , the tail currents in other studies were predominantly inward and Reentry is wont to occur when slow conduction and a did not reverse near 0 mV [100] [101] [102] , which would be short refractory period are present in the setting of ordered expected for a reversal potential of a nonselective cation reentry, or when disparity of the refractory period between 1 21 channel. Under conditions where Na -Ca exchange was contiguous areas of the heart is increased, as in the case of eliminated, however, I did show a reversal at around 0 random reentry. Activation of I or I may TI Cl.PKA Cl.SWELL mV and the nonselective cation channel could contribute to accelerate the development of reentry, due to shortening of the formation of this arrhythmogenic current [103] [104] [105] .
action potential duration and refractoriness, and due to a 21 2 greater than that of Cl (NO , Br , I ), while the least 3 permeant anion, methysulphate, was proarrhythmic during ischemia. Arrhythmia suppression was accompanied by significant widening of the QT interval that developed during ischemia [111] . The authors speculated that increased anion permeability would delay the final repolarization phase, causing prolongation of action potential duration and the refractory period. However, they excluded I as a possible reason for widening of the QT interval
Cl.PKA because of the opposite effects of anion substitution, and could not specify the anion current responsible for the action potential prolongation. Endogenous catecholamine release occurring during early ischemia could activate I , which has been shown to contribute to action Cl.PKA potential shortening [112] . It was also shown that the use of the chloride-channel blockers, anthracene-9-carboxylic acid (9-AC) and SITS, significantly inhibited ischemiainduced shortening of action potential duration and exerted protective effects against ischemia-reperfusion damage in arrhythmias.
8.2.
Hypertrophy increased disparity of the refractory periods and development of random reentry. The actual contribution of these It is of interest to note that cardiac hypertrophy induced heterogeneous influences to repolarization, however, has by pressure overload in rat induced the development of a 2 not been explored for conditions exhibiting reentry, except Cl current component [114] . This current can partially in the cases of ischemia / reperfusion models (see below, balance the effect of decreased density in the transient 
